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Abstract

The depletion of fossil fuels as a result of excessive useage and increased envi-
ronmental pollution brought up the research of environmentally conscious and
renewable alternative fuels.The alternative fuel to be considered for internal
combustion engines should not decrease the performance of the engine too much
and positively affect the exhaust emissions. It is also important that this fuel
should provide some specifications such as easy producibility, low cost, availa-
bility and usability in internal combustion engine without modification. Low
temperature combustion modes are promising technologies providing nearly zero
NOy and soot emissions and currently a lot of researcher has focused on this
technology. In this experimental study naphthaand RON68 was tested in an
HCCI engine. In order to examine and understand the effects of the naphtha on
HCCI mode a comparison study was also conducted by using RON68.Maximum
imep was computed as 3.23 and 3.32 bar with RON68 and naphtha respectively
at A=1.7.SOC was determined 5.4 °CA and 5.76 °CA ATDC with naphtha and
RONG68 at A=2.CAS50 is far away from TDC fact that net work decreases. Maxi-
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mum ITE was calculated as 45.42% and 46.07% at A=2 with RON68 and naph-
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1. Introduction

The global economy and modern societies need reliable
transportation systems to continue their development and
growth. In terms of physical possibilities, modern civiliza-
tion could not reach the current living standards without the
use of automotive devices. The main power source of au-
tomotive vehicles such as planes, ships, agricultural ma-
chinery, construction equipment, construction equipment,
generators etc. are internal combustion engines [1]. The vast
majority of internal combustion engines currently used in
automotive vehicles are reciprocating engines operating by
combustion of fossil fuels of petroleum origin. Due to their
superior performance and controllability, durability and
other unviable alternatives, internal combustion engines
have been the primary source of power since the last centu-

ry.

However, in order to ensure sustainable development, it
is necessary to obtain the energy used in transportation from
sources with low carbon footprint. In addition, due to the
rapidly increasing world population and mechanism, the
demand for fossil fuels and the number of automotive vehi-
cles have increased sharply in recent years [2,3]. Carbon
dioxide, sulfur dioxide, nitrous oxide, dust and soot released
into the atmosphere when fossil fuels are burned, while
carbon dioxide and similar greenhouse gases cause global
climate change and threaten life in all countries of the world
[4]. Researchers are trying to reduce the use of fossil fuels
by developing new technologies in alternative combustion
modes [5-7], vehicle technologies [8-11], alternative fuels
and additives [12-18].
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As an low temperature combustion mode, the main
advantages of the homogeneous charge compression
ignition (HCCI) combustion mode low NOy and smoke
emissions simultaneously without any loss in the thermal
efficiency for the same compression ratio [19-25]. Onishi
and Noguchi conducted the first studies related to the
HCCI combustion in 1979 [26,27]. The charge mass is
prepared homogeneously as in spark-ignition engines
and as likely compression ignition engines the mixture
auto-ignited via compression in the HCCI combustion
concept. Therefore, combustion occurs simultaneously in
whole range in the cylinder [28-30]. By considering the
mixture preparation and start of the combustion, HCCI
engines are explained as an engine in a range of spark
ignition and compression ignition engines. HCCI engines
generally provide nearly zero smoke emissions due to the
homogeneously prepared lean mixture. The lean mixture
preparation is also help to reduce NOx emissions because
the peak in-cylinder gas temperatures decreases when the
engine operated with leaner mixtures [31-33]. Because of
these advantages, HCCI combustion mode take attention
over last few decades and researchers have performed a
lot of studies about HCCI combustion. In most of these
experimental researches reference fuels are tested in
HCCI engines as well as the using alternative fuels such
as natural gas, liquid petroleum gas, biodiesel and alco-
hol [34-38].

Naphtha is produced from refining the crude oil. It is
an intermediate hydrocarbon and might be useful for
internal combustion engines as well [39]. However, there
are very limited studies about naphtha usage on internal
combustion engines in the literature. Wang et
al. [32] achieved HCCI combustion in a gasoline direct
injection engine by using naphtha and gasoline. Gasoline
and naphtha were injected into the cylinder via stepwise
injection strategy at a pressure of 80 MPa. Multiple in-
jection pulses used to optimize emissions and efficiency.
Stepwise injection of gasoline and naphtha were com-
pared the test results of diesel fuel in compression igni-
tion engine. The operation range of the HCCI engine
extended with the usage of naphtha fuel by stepwise in-
jection strategy. In case of using gasoline, excessive mis-
firing was observed. The maximum indicated thermal
efficiency was 47% in use of naphtha. Indicated specific
fuel consumption was recorded below 200 g/kwWh at
higher engine loads. Another naphtha study was con-
ducted by Vallinayagam et al. [31]. They investigated
combustion and emission variations of US test diesel,
EU test diesel, RON60 and naphtha in different combus-
tion modes. The test fuels were prepared by keeping con-
stant cetane number of 36 for all test fuels. Experiments
were carried out in HCCI, partially premixed charged
ignition (PPC) and Cl combustion modes with an optical
test engine. It was found that a higher inlet temperature
is required to burn diesel test fuels in PPC combustion

mode. The maximum in-cylinder pressure was obtained
with RON60 in HCCI combustion mode. In CI mode, the
maximum cylinder pressure was occurred in use of naph-
tha.

In this experimental study naphtha and RON68 was
tested in an HCCI engine. In this study, RON68 fuel was
used because the octane number of naphtha fuel was
68.In order to examine and understand the effects of the
naphtha on HCCI mode a comparison study was also
conducted by using RON68 (68% isooctane and 32% n-
heptane by vol.). To make a proper comparison on the
test results, octane numbers of the both fuels were set up
same. Experiments were carried out in a single cylinder
port fuel injection gasoline engine. In-cylinder pressure
traces, heat release rate curves, combustion and emission
characteristics were examined in detail.

2. Material and Method

In the experiments, single cylinder, four stroke and port
injection system HCCI test engine was used. The test en-
gine was the Ricardo Hydra model. Test engine was trans-
formed into the HCCI engine from the spark ignition engine.
List of the specifications of test engine is shown in Table 1.
Further, the HCCI test bench is shown in Figure 1.

Table 1. The test engine specifications

Test Engine Ricardo Hydra

Cylinder number 1

Max. engine speed [rpm] 5400

Compression ratio 13/1

Valve lift [mm] Exhaust lift 3.5,
Intake lift 5.5

Stroke x bore [mm] 88.90 x 80.26

Max. power output [KW] 15

The air fuel mixture was prepared in the intake mani-
fold by using the port injection fuel system. The amount
of fuel to be injected is set via the control unit. While the
fuel tank was placed on the precision balance, fuel con-
sumption was determined by the time of 120 seconds.
The fuel consumption was formulated with the fuel in-
jection characteristic obtained.
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Fig. 1. Schematic view of HCCI test bench

The test motor was connected to an electric type
dynamometer capable of absorbing 30 kW of power. The
brand of the dynamometer was McClure. The intake air
heater device was located on the intake manifold, just
before the fuel injection system. The inlet air tempera-
ture was measured by a K type thermocouple where it
placed between the air heater and the injection system.
Air inlet temperature was set on the control panel. In the
experiments, the original air heater system was used. The
Kistler6121 model piezoelectric pressure sensor was
used for determine the in-cylinder pressure. The crank
position versus the in-cylinder pressure was determined
using an encoder with a precision of 0.36 °CA. Proper-
ties of encoder are shown in Table 2.

Table 2. Properties of encoder

Encoder Opkon
Supply voltage 5V
Operating temperature 25310353 K
Shaft diameter 8 mm

Body diameter 50 mm
Output type Line driver
Pulse number per rotation 1000

Max. operating speed 4000 rpm

In-cylinder pressure was collected with Cussons
P4110 combustion analyzer. In-cylinder pressure signals
were recorded to the computer with (National Instru-
ments USB6259 model data acquisition card) data from
the encoder. The average of 50 consecutive in-cylinder
pressure data were used in all operating conditions.

Table 3. Properties of naphtha and n-heptane fuels

RONG68 Naphtha
Calorific value (kJ/kg) 44510 43360
RON 68 68
Boiling point (°C) 98-99 152
Density (kg/cm3 at 20 °C) 0.685 0.72
Viscosity (cSt) 0.55 0.5

During the operation, the exhaust gases were recorded
with the Bosch BEA350 exhaust gas analyzer. The exhaust
gas analyzer was measured HC and CO emissions. Howev-
er, lambda was determined by the Brettschneider formula.

50 consecutive pressure data were averaged for in-
cylinder pressure. For thermodynamic analysis, a code was
prepared by using MATLAB Simulink program. By using
MATLAB Simulink code, ITC, heat release rate, SOC, in-
cylinder pressure, combustion duration and indicated mean
effective pressure and MPRR were determined. HRR was
determined using the first rule of thermodynamics. The
HRR versus to the crank angle was calculated with Eq. 1.

1, dP  9Quaq
n—lVEJr do @

dQ n _dv

—_— T — P

do n-1 do
Here, v and P express to cylinder volume and cylin-

der pressure, respectively. dQ expresses to net heat output.

n refers to ratio of specific heat values and d& expresses

to change of crank angel. % expresses to heat transfer

from cylinder to cooling water system.The work was calcu-
lated with Eq. 2.

Wig = [ PAV )

The IMEP is calculated as given in Eq. 3. Here,V.

stroke

expresses to cylinder swept volume.

W
IMEP = —Net_ ©)
Vstroke

3.Results and Discussion

In the present study, the effects of naphtha and RONG68
on combustion characteristics and performance were exper-
imentally researched. Figure 2 depicts the variations of cyl-
inder pressure and heat release rate with test fuels at 1000
rom. HCCI combustion was achieved between 1.7 and 2.5
lambda values. Charge composition is one of the most sig-
nificant factor affecting HCCI combustion phenomena. As
seen in Figure 2, low and high temperature oxidation reac-
tions were observed in HCCI combustion. Cylinder pres-
sure and heat release rate decreased with the increased
lambda for both test fuels. As expected, lower fuel energy
caused to obtain lower heat and in-cylinder pressure. Re-
leased heat decreased with leaner mixtures. It was also seen
that combustion phasing was advanced with richer mix-
tures. Auto-ignition reactions can be easily started with the
presence of fuel molecules. Furthermore, the most striking
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finding from figure 2 is combustion retardation. When
RONG68 and naphtha were compared in terms of combus-
tion process, combustion was retarded with RONGS.
RONG68 showed more resistance to ignition compared that
naphtha. So, combustion phasing is shifted to expansion
stroke with RONG68. It can be also mentioned that slight
knocking tendency was observed with naphtha at A=1.7.
Richer mixture zones are locally formed at A=1.7 in the
combustion chamber and rapid heat release is seen due to

low-octane number of naphtha.
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Fig. 2. The effects of Naphtha and RON68 on cylinder pressure
and heat release rate

Figure 3 shows the variations of cylinder pressure and
heat release rate with test fuels at A=2. It is evidently seen
that peak cylinder pressure was higher with naphtha com-
pared to RONG8. Similarly, heat release rate decreased with
RONG68. Combustion occurs rapidly with naphtha owing to
lower octane number. It can be also attributed to increase
combustion rate. On the other hand, lower flashing and
auto-ignition temperature of naphtha allow easily occurring
oxidation reactions. At this point, it was seen that HCCI
combustion process could be controlled with fuel properties
and charge composition.
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Fig. 3. Comparison of cylinder pressure between Naphtha and
RONG68

Imep is an important performance indication. Figure 4
presents the imep variations of naphtha and RON68 versus
lambda. As lambda increased, imep decreased with test
fuels. The highest imep was determined at A=1.7 with test
fuels. Fuel concentration increases with lower lambda. So,
more heat energy is distributed to the combustion chamber.
Accordingly, indicated pressure exerted on the piston in-
creases. It was also found that lower imep was obtained
with RONG68 according to naphtha at specific lambda value.
As mentioned in figure 3, the highest cylinder pressure was
obtained with naphtha. So, there is good agreement between
imep and in-cylinder pressure. It may be said that higher
octane number of RON68 made difficult to occur auto-
ignition chemical reactions. Maximum imep was computed
as 3.23 and 3.32 bar with RON68 and naphtha respectively
atA=1.7.
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Fig. 4. IMEP variations versus lambda

Development of combustion is mainly dependent on the
start of combustion (SOC) in HCCI. The continuation of the
combustion is affected by the onset of combustion. Since
HCCI combustion has no mechanism like spark plug or
igniter, combustion is dominated by thermodynamic situa-
tions and composition at the end of compression stroke.
Figure 5 illustrates the SOC with test fuels. As lambda in-
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creased, SOC was delayed for both test fuels. However,
SOC was advanced with naphtha compared to RON68 at a
given lambda. RONG68 presented more resistance to start
auto-ignition reactions due to higher octane number. It re-
sults in retardation of SOC. SOC was determined 5.4 °CA
and 5.76 °CA ATDC with naphtha and RONG68 at
2=2.RONG68 presented delayed combustion in spite of the
same octane number. It can be explained that higher boiling
point of naphtha showed cooling effect during the vaporiza-
tion. This phenomena causes to decrease temperature gradi-
ent during combustion that prevents to occur auto-ignition
reactions easily. Hence, initiation of self-ignition chemical
reactions are retarded.
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Fig. 5. Start of combustion

Auto-ignition reactions are controlled by chemical kinet-
ics in HCCI combustion. Figure 6 gives the combustion
duration (CD) versus lambda. CD increased with the in-
crease of lambda for both test fuels. In-cylinder gas temper-
ature and obtained cylinder pressure decrease with leaner
mixtures due to lower fuel concentration. Combustion pro-
cess takes longer with the combustion of leaner charge mix-
ture. It can be explained that leaner mixture caused to ob-
tain cooler cylinder wall temperature owing to lower gas
temperature in the combustion chamber. It results in pro-
longed combustion. Auto-ignition reactions could easily
occur with naphtha because of lower octane number and
combustion process can be completed with a shorter dura-
tion. Chemical reactions are rapidly performed due to lower
resistance to knocking. As a result, CD takes shorter time
with naphtha. At A=1.7 lambda, CD was determined as
23.04 °CA and 24.12°CA with naphtha and RONG68 respec-
tively.
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Fig. 6. Combustion duration

Figure 6 shows the CA50 and indicated thermal efficien-
cy (ITE) versus lambda. CA50 is evident to obtain higher
ITE. CAS0 defines the crank angle position where the half
of charge mixture is completed to burn. CA50 should be
close to the top dead center (TDC) for reasonable ITE.
When Figure 7-a is examined, CAS50 is retarded with the
increased lambda like CD. Figure 7-b shows the ITE re-
spect to lambda. ITE increased until A=2 and then decreased
with the increased lambda. Maximum ITE was calculated
as 45.42% and 46.07% at A=2 with RON68 and naphtha
respectively. There is good relationship between CA50 and
ITE. CA50 should be nearly after top dead center for better
ITE. It is corroborated that maximum ITE was obtained at
A=2 where CA50 was 10.8 °CA and 11.88 °CA ATDC with
naphtha and RONG68 respectively. CAS50 is far away from
TDC fact that net work decreases. Hence, ITE decreases. At
leaner charge mixtures, released heat is decreased due to
lower fuel concentration resulting in lower ITE. Lower net
work is obtained with leaner mixtures. As a result, ITE de-
creased.
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Fig. 7. CA50 and indicated thermal efficiency versus lambda

Maximum pressure rise rate can be defined as the operat-
ing limit in view of stable operation. MPRR also gives in-
formation about knocking. Figure 8 refers to MPRR respect
to lambda. Evidently, MPRR decreased with the increase of
lambda. It can be mentioned that combustion rate and speed
increase with richer mixtures. This phenomenon caused to
rapid and sudden heat release. Moreover, knocking that
damages engine parts is seen. At this point, in-cylinder
pressure increased too much applied to the piston according
to crank angle. MPRR was computed at A=1.7 as 16.02
bar/°CA and 16.46 bar/°CA with RON68 and naphtha re-
spectively. Decrease of the fuel concentration in the com-
bustion chamber causes to obtain lower heat and cylinder
pressure. Naphtha showed more flammability than RON68
due to lower octane number. It resulted in improvement of
auto-ignition reactions. It can be said that more stable HCCI
combustion was observed with leaner mixtures for both
fuels.
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Fig. 8. The variations of MPRR

CO and HC are two important sources of emissions in
HCCI engines, because HCCI combustion provides to
combust leaner mixtures with higher thermal efficiency.
Figure 9 shows the changes of HC and CO versus lambda.
As flame goes out near the cooler cylinder wall, HC is
formed especially with leaner mixtures. HC increased with
the increased lambda as seen in Figure 9-a. In-cylinder gas
temperature gradient reduces towards to combustion cham-
ber due to combustion of poorer mixture. This evident pre-
vents to complete combustion and unburned HC increases.
It was also found that HC reduced with naphtha compared
to RONGS at a given lambda. HC reduced by 20.6% with
naphtha compared to RON68 at A=2. Rapid combustion
process of naphtha enhances to occur oxidation reactions
even at cavities of the combustion chamber. Hence HC
reduced. Similar changes are seen on CO emissions as giv-
en in Figure 9-b. Unless complete combustion is occurred,
CO is produced due to insufficient oxygen and reaction
temperature during combustion. CO increased with the in-
crease of lambda for both fuels, because lower heat energy
is released to the combustion chamber. This effect prevents
to complete combustion. So, CO is formed. Minimum CO
was measured at A=1.7 as 0.055% and 0.072% with naphtha
and RONG8 respectively. Oxidation reactions improve with
the combustion of richer mixtures and CO formation disap-
pears. On the contrary, CO2 formation is seen with high
enough in-cylinder gas temperature during HCCI combus-
tion.
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Fig. 9. HC and CO emissions

3. Conclusions

In this study, RON68 and Naphtha fuels with different
physical and chemical properties were tested on a single
cylinder port-injection water cooled HCCI engine and their
effects on combustion, performance and exhaust emissions
were investigated. The effects of the test fuels on in-
cylinder pressure, heat release rate, SOC, combustion dura-
tion, IMEP, ITE, CO and HC emissions were also exam-
ined.

It was determined that, thanks to the low flash point and

the self-ignition temperature, oxidation reactions that occur
easily with naphtha higher in-cylinder pressure and heat
distribution rates were obtained achieved compared to
RONGES.
In addition, with the use of naphtha and RONG68, the lowest
CO emission values were observed as 0.055% and 0.072%
at A= 1.7, respectively. Likewise, the lowest HC emissions
are at A = 1.7 for both fuels.

As a result of the current research, it has been observed that
naphtha can be used effectively in HCCI engines. In addi-
tion, it can be examined whether the HCCI working range
can be extended by blending with naphtha n-heptane or
other alternative fuels.
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